"ghosts" which is based on their ability to kill cells is described. The method is derived from the well-known ability of phage and ghosts to prevent the induction of 3-galactosidase. Conditions are described whereby a direct relationship is found between the decrease in j-galactosidase and the number of phage or ghosts present during the induction period. The number of phage measured by this method was found to be identical with the number of plaque-forming units found in a fresh lysate. The method has been used to follow the fate of ghosts under several conditions and to measure killer (but nonviable) particles in various preparations of phage.
Despite the rapid advances during the past few years in describing the biochemistry of the bacteriophage-infected cell, the primary lethal event in the infection process is still obscure. Since the empty protein capsule, or ghost (Anderson, 1950; Herriott, 1951) , from which the deoxyribonucleic acid (DNA) has been extruded is also effective in inhibiting normal metabolic processes in the bacterial cell, it seemed advantageous to use ghosts instead of whole phage particles to study the killing process, thereby avoiding additional complications attendant with the injection of DNA and subsequent multiplication of bacteriophage.
To study this problem on a quantitative basis, it was necessary to develop a reliable assay for measuring ghosts based on some feature of their ability to alter the normal metabolism of the host. Methods which relate the number of ghosts to the lysis of bacterial cultures (Herriott and Barlow, 1957a) or to surviving colony formers are not applicable, because cells may be killed but not lyse (Lehman and Herriott, 1958) , and "killed" bacteria have been observed to recover the ability to form colonies under certain conditions (French and Siminovitch, 1955) . [We have also observed recovery of "killed" bacteria as evidenced by a resumption of growth and increase in colony formers. However, the recovery was observed only in synthetic medium (glucose-salts This report describes a simple and accurate method for the assay of ghost particles and whole phage which is based on their ability to prevent the formation of adaptive enzymes (Monod and Wollman, 1947; Benzer, 1953; French and Siminovitch, 1955; Sher and Mallette, 1954; Levin and Burton, 1961) .
MATERIALS AND METHODS
T2r+ is a wild type isolated in our laboratory in 1960 from a single plaque. Escherichia coli B is a wild type grown from a single colony originally isolated in 1958. Phage ghosts were prepared and purified by the procedure of Herriott and Barlow (1957a) . Isopropyl 3-D-thiogalactopyranoside (IPTG) and o-nitrophenyl 3-D-galactopyranoside (ONPG) were purchased from Mann Research Laboratories, New York, N.Y.
Bacterial titers were read from a standard curve relating turbidity in a Klett colorimeter (no. 66 filter) to viable count. Bacteriophage were titered on nutrient agar plates by use of the agar layer technique (Adams, 1950) . f-Galactosidase was assayed according to the procedure of Lederberg (1950) , modified as described below. Cells were grown at 37 C by shake culture in M-9 medium (Herriott and Barlow, 1952) . Cells were grown in M-9 to a density of 3 X 108 per milliliter in a shake culture; they were then chilled, centrifuged, and suspended in M-9 minus glucose to their original density. Samples (10 ml) were transferred to 50-ml Erlenmeyer flasks and warmed to 37 C. Then 0.1 ml of freshly prepared 0.05 M IPTG (inducer) was added, and the flasks were shaken for 12 min. The cultures were then chilled and centrifuged, and the cells were resuspended in 5 ml of 0.02 M sodium phosphate buffer (pH 7.5). Ten drops of toluene were added, and the suspensions were left at 37 C for 30 min, with intermittent vigorous shaking. The solution was clarified by centrifugation, the toluene was removed by aspiration, and cell debris was suspended in the supernatant fluid. An 0.8-ml sample was then taken for enzyme assay. To this was added 0.2 ml of 0.005 M o-nitrophenyl f-D-galactoside, and rates were measured in a recording spectrophotometer or colorimeter at 420 m,u. The relationship between cell number and enzyme activity under these conditions is demonstrated in Fig. 1 Effect of bacteriophage ghosts on induction of ,3-galactosidase. As far as their effects on inducibility of /3-galactosidase is concerned, phage ghosts behave similarly to whole phage particles. Inactivation curves identical to those seen with whole phage were obtained (Fig. 3) (greater than 100 phage per bacterium) may be used. This has the advantage of reducing the blanks, because lysis with phage produces clear solutions, whereas treatment with toluene produces turbid suspensions. For most purposes, either technique may be used and both give the same results, although the former procedure is much more economical of phage.
RESULTS

Proportionality of induced
Heat inactivation of ghosts. An application of this technique is illustrated in Fig. 4 where the inactivation of phage ghosts by heat is demonstrated. Each point on the curve was determined with the assay described in this paper. The curve indicates that the property in ghost preparations capable of preventing,-galactosidase induction in inducible cells is inactivated with first-order kinetics at 65 C and has a half-life of about 11 min.
DISCUSSION
The technique described in this paper provides a convenient means for measuring phage ghosts based on their ability to prevent the induction of /3-galactosidase in inducible cells. This method was used to follow the fate of the ghosts during their preparation by the procedure of Herriott and Barlow (1957a) . It was found that, in the first step, the osmotic shock used to disrupt the phage particle into coat protein and nucleic acid inactivates 99.9% of the plaque-forming capacity of the preparation and 30 to 50% of its ability to prevent enzyme induction. The addition of gelatin (Hershey, 1955) to the shocking medium did not prevent this loss. Thus, the structure(s) in the phage coat responsible for the prevention of enzyme induction can be damaged by osmotic shock. During the remaining steps in the purification procedure, a further 25% was lost, but this can be accounted for entirely in the supernatant fractions of the differential centrifugations. In the steps following the osmotic shock, the specific activity of the particles remained constant; that is, the number of effective units per milligram of protein did not change.
Except for special instances in which the electron microscope has been used to count phage membranes directly (Bonifas and Kellenberger, 1955) , the general procedure for quantitating a given ghost preparation has been to assume that its titer is numerically equal to the titer of the phage (plaque-forming units) from which it was prepared. An important feature of the assay described in this paper is that it is not based on this assumption. (Adams, 1950) is the same as the number of phage measured by our assay. In one preparation, the respective titers were 1.9 X 1011 and 1.7 X 1011. However, when the phage were then purified according to the procedure of Herriott and Barlow (1952) , the titer by our assay was twice the titer obtained by plaque count. In two different purified preparations, the results were 3.0 X 1012 and 4.4 X 1012 plaqueforming units, as opposed to 6.0 X 1012 and 8.4 X 1012 f-galactosidase-inhibiting particles, respectively. Thus, during the purification procedure, there is a greater loss of plaque-forming units than f3-galactosidase-inhibiting units. This might be expected, since it is probable that there are more ways to damage the complex apparatus needed for reproduction of a phage particle than there are to damage the structure(s) responsible for enzyme inhibition.
It is anticipated that, in addition to its usefulness in titering ghost preparations and intact phage, this procedure will be applicable to other problems which have been difficult to approach. For example, it should be possible to follow the synthesis of enzyme-inhibiting units during the course of phage maturation by using this assay on premature lysates of the host bacterium. It should also be useful in any instance in which it is important to know the total number of particles capable of inactivating bacteria. Such information is essential for interpretations of experiments in which the multiplicity of infection is crucial, or in experiments on the induction of early enzymes, where a large number of nonviable but killer ghosts would reduce the total population of productive bacteria.
We should like to point out that the use of phage ghosts to study the lethal event(s) in the infection process does not imply that the killing process of ghosts and whole phage is identical. Indeed, it is clear that the whole phage and ghost are quite different in their overall effect on the host's metabolism (Herriott and Barlow, 1957b; French and Siminovitch, 1955; Lehman and Herriott, 1958; Bonifas and Kellenberger, 1955) . However, the profound effect on bacterial metabolism attendant with ghost infection, which under suitable conditions leads to the ultimate death of the cell, and the rapidity with which these effects are manifested, suggest that a thorough investigation of the biochemical basis of ghost-induced cell damage will be instrumental in clarifying the sequence of events leading to phage-induced cell death.
